Rotor asymmetries f 1 (1 − s) k p ± s k p = 1, 3, 5 . . .
Mixed eccentricity | f 1 ± k f r | k = 1, 2, 3 . . .
Bearing (outer race)
Bearing (inner race)
Bearing (balls) time-frequency (TF) transforms of the current are needed, so that the transient fault signatures can 48 be identified in a joint TF domain. These transforms can be lineal, such as the short-time Fourier 49 transform (STFT) [28] [29] [30] , the short-frequency Fourier transform (SFFT) [31] , and the wavelet transform 50 (WT) [32] , or quadratic, such as the Wigner-Ville distribution (WVD) [33] , or the ambiguity function 1. For each instant τ, the current signal is multiplied element by element by the conjugate of a i τ (t) = i(t)h(t − τ) * (1) 114 that emphasizes the content of the current signal at time τ, and attenuates it at other times 115 i τ (t) = i(t), if t is close to τ 0, if t is far from τ (2) 116 2. The Fourier transform if applied to the time-windowed signal i τ (t), which gives the frequency content of the current signal i(t) around time τ
where ω = 2π f , and f stands for the frequency, in Hz.
117
3. The energy density spectrum at time τ is obtained as
For each instant τ the STFT generates a different energy spectral density I SP (τ, ω), and the total 119 set of these spectra constitutes the current spectrogram. A critical issue for obtaining a high resolution 120 spectrogram of the current signal is the selection of the window h(t) in (4). 
The standard deviation of the Gaussian window in the time domain (5) is σ 2 t = 1/(2α), and in the frequency domain (6) is σ 2 ω = α/2. Therefore, for the Gaussian window, the product of its duration σ t and its bandwidth σ ω gives [41]
The Heisenberg's uncertainty principle states that one cannot construct any signal whose duration σ t and bandwidth σ ω are, both, arbitrarily small, because
value (i.e, the highest concentration in the joint TF plane) that can be achieved under the uncertainty 134 principle (8).
135
The parameter α in (5) and in (6) is the only one that defines the shape of the Gaussian window. A 136 low value of α gives a long window with a narrow bandwidth, while a high value of α gives a short 137 window, with a wide bandwidth. This parameter must be tuned to the current signal to be analyzed 138 with the STFT. As detailed in [35] , the optimal Gaussian window to build the spectrogram of a given 139 current signal is the one that has the maximum overlap with the current in the TF domain. That is, the 140 optimal parameter α is the one whose height/width ratio σ ω /σ t = α best approximates the slope of the 141 current signal in the TF domain. Unfortunately, the slope of the fault harmonics in an IM in transient 142 regime is not a constant value, because in this regime the slip and the rotational frequency in 
The Gaussian window (5) is a real valued function. If it shifted in the frequency domain by a 152 frequency f k , corresponding to an angular frequency ω k = 2π f k , then (5) becomes a complex-valued
155 Replacing (10) in (9) gives
that is,
158 and, making the change of variable ω = ω + ω k , (12) can be expressed as
The use of this new, multi-band window, in (4) gives a single spectrogram with N g adjacent bands, 203 each one corresponding to the analysis of the current signal with a different parameter α k for the 204 Gaussian window.
205
For a given sampling frequency f s , and a frequency band of interest f b , the total number N g of 206 adjacent frequency bands that can be used is equal to
The proposed multi-band window is built, using (10), as
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As an example, a multi-band window (15) has been built using N g = 10 different Gaussian windows 209 with values of α in (5) spanning linearly the range [α min = 1α max = 700], with a step equal to
The multi-band window (16) is displayed in Fig. 1 , which shows the real (Fig. 1 .top) and the imaginary 212 part ( Fig. 1.middle ) of the window, as well as its spectrum (Fig. 1.bottom ). 
Steps for Applying the Proposed Multi-Band Window

216
In this sub-section the process for applying the concept of multi-band window to a given current signal i(t) is explained, using a synthetic current signal i(t) with a sinusoidal component of 50 Hz, and a linear chirp with a frequency slope of 1 Hz/s, starting at -50 Hz. It has been built with a duration of 50 s, using a frequency sampling rate of 200 Hz (Fig. 3) , to the chirp component according to [35] .
228
The resulting multi-band window expression, applying (15), is
This window is plotted in Fig. 4 , in the time and frequency domains. 
Experimental Validation
245
For the experimental verification of the proposed approach, an IM whose characteristics are given 246 in Appendix A has been prepared with a forced rotor fault, by drilling a hole in one of the rotor bars.
247
The stator current during a startup transient has been acquired with a frequency rate f s = 5000 Hz, 248 during 12 seconds, using a current probe whose characteristics are given in Appendix B, and it is 249 shown in Fig. 8 . From Table 1 , the characteristic frequencies of the fault harmonics in an IM with a rotor asymmetry, such as a broken bar, are, for the main fault harmonics (k/p = 1 in Table 1) ,
In particular, the fault harmonic with a frequency given by
which is known as the lower side-band harmonic (LSH), is commonly tracked for the diagnosis of 251 rotor asymmetries. During a start-up transient, the trajectory of the LSH in the TF plane given by (20) 252 generates a typical V-shaped fault signature [43] , with a frequency that initially (s = 1) is equal to 253 the fundamental frequency f 1 , decreases to 0 (s = 0.5), and then increases again until its steady-state 254 regime value of f 1 (1 − 2s) ≈ f 1 , according to (20) . The ability to detect this fault harmonic using the 255 proposed method is to be assessed in this section.
256
The three steps presented in Section 3.1 will be followed in this experimental case to obtain the 257 spectrogram of the current signal presented in Fig. 8 . (14) is 264 Ng = 5000/125 = 40 windows.
265
• second, the parameter α k of each of these windows in (15) is selected. In this case, a linear 266 range of the parameter α is used, covering the range [α min = 1α max = 700].
267
The resulting multi-band window, applying (15), is
with α k = 1 + k 700 − 1 39 k = 0, 1 . . . 39.
The multi-band window (21) is displayed in Fig. 9 , which shows the real (Fig. 9 .top) and the 268 imaginary part ( Fig. 9 .middle) of the window, as well as its spectrum (Fig. 9 .bottom). Figure 10 . Spectrograms of the current of Fig. 8 (right) obtained with the multi-band window (21) (left). The 40 stacked spectrograms have been obtained with a single run of the STFT algorithm.
Two of the 40 individual Gaussian windows shown in Fig. 10 are displayed in Fig. 11 , left, along 276 with their corresponding current spectra (Fig. 11, right) . The two zoomed bands corresponds to 277 the spectrogram located in the base frequency band [0-125 Hz] (Fig. 11, bottom) , which defines Figure 11 . Zoom of Fig. 10 showing two of the individual Gaussian windows contained in the multi-band window of Fig. 10 (left) , and the corresponding spectrograms generated with them (right 4. All the relocated, elementary spectrograms obtained in step 3 (Fig. 10, right) , are combined to give 284 a high resolution spectrogram of the TF region of diagnostic interest (Fig. 12) 
Conclusions
293
In this work, a novel technique for performing the fault diagnosis of IMs working in transient 294 regime has been presented and validated experimentally. This technique consists in building a 295 multi-band analysing window, composed by several, different Gaussian windows, stacked in the 296 frequency domain. When this window is multiplied by the current signal in the time domain, it 297 generates a spectrum which contains all the spectra generated by each of the Gaussian windows 298 that form the multi-band window. In this way, a spectrogram containing even hundreds of different 299 Gaussian windows can be obtained at the cost of a single run of the STFT algorithm. The selection 300 of the parameters of the individual windows that compose the multi-band window can be setup by 301 the user using different criteria, without affecting the performance of the proposed approach. In this 302 work, a blind approach has been used, by selecting a range of individual windows that cover a wide 303 range of, a priori, unkown fault harmonic components. This approach can be particularly useful for 304 automated diagnostic system, which can operate without expert assistance, and for the detection of 305 different types of faults. In this case, a single multi-band window can avoid the design of multiple 306 analysis windows specifically designed for each single type fault.
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